Shrinkages of cementitious materials may lead to cracking under restrained conditions. This study 16 was motivated to develop non-shrinkage quaternary blended cements through blending slag and 17 fly ash with Portland cement containing reactive MgO. The hydration process, autogenous 18 shrinkage at early age, long-term volume deformation, mechanical properties, and microstructure 19 of cement specimens were investigated. Results showed that the autogenous shrinkage of the 20 cement pastes was effectively mitigated due to the compensation of the MgO present and the 21 2 reduction of cement content owing to the partial replacements with slag and fly ash. The 22 mechanical strengths of the blended cement mortars were lower than that of the corresponding 23 plain Portland cement mortars at early age of 3d, but increased significantly to be similar or 24 higher at late ages of 28d and 90d. This is attributed to the microstructure densification and the 25 interface microstructure enhancement due to the reaction of SCMs with clinker phases. 26 27 28
Introduction 33 34 35
Cement-based materials normally undergo various types of volumetric shrinkage, such as 36 autogenous shrinkage, drying shrinkage, thermal shrinkage, to name a few. Under restrained 37 conditions, the volumetric shrinkage could induce tensile stress and may in turn lead to cracking. 38
Autogenous shrinkage, which is caused by the self-desiccation of cement materials [1] , normally 39 contributes significantly to the total shrinkage occurring at early age when the cement materials 40 are still of low strength and therefore have a high risk of shrinkage cracking. Many strategies 41 have been developed to mitigate this autogenous shrinkage, e.g. inner curing, substitutions of 42 used to compensate for the shrinkage of cement-based materials [6] [7] [8] . For decades, delayed 48 expansive cement containing MgO was used in China for compensating the thermal shrinkage of 49 mass dam concrete, in which the MgO was normally formed as dead burnt periclase at high 50 calcining temperature of up to 1450℃ [6] . However, hydration of the dead burnt periclase is very 51 slow, and hence has no effect on compensating the shrinkage of concrete at early age. Moreover, 52 the content of MgO in PC was limited to avoid unsoundness [6, 8] . To control the MgO content 53 and reactivity, the MgO was separately prepared and used as expansive additive in the cement. In 54 recent years, increasing attentions were attracted on the hydration and expansion properties of 55
MgO with relatively high reactivity as it has important potential application in normal concrete 56 [6] . However, much of this research focused on the expansion properties of MgO in cement-based 57 materials cured in water, while limited work was carried out on their effects on compensating the 58 autogenous shrinkage at very early age. 59 60 61
With increasing emphasis on sustainability, SCMs have been widely used as replacements of PC 62 to prepare blended cements [9] [10] [11] [12] [13] [14] . conventional PC was prepared by inter-grinding the cement with 5% of gypsum by mass in a ball 96 mill. In addition, two types of expansive PC were prepared, in which 5% and 8% of the MEA by 97 mass were added as replacements of the cement clinker during the inter-grinding process, which 98 are designated as EPCI and EPCII respectively. The particle size distributions (PSD) of the 99 processed three types of PC, slag, and fly ash were measured with a Marlven Mastersizer 2000 100 particle size analyzer by dispersing the particles in alcohol, which are shown in Fig. 1 . The PSD 101 of cement plays an important role in the performance of cement-based materials, particularly at 102 early age [29] . As reported by Zhang et al. [30] , finer cement with a coarser fly ash improved the 103 early-age strength and also maintained a good performance at later age in blended cement 104 mixtures. was fixed on the table,  148 and thus only the other end of the specimen was able to move freely. The laser optical 149 displacement measurer supplied by MICRO-EPSILON with a resolution of 0.1 m was used to 150 measure the displacement of the end of the corrugated cement specimen after being placed into 151 the plastic tube. The whole preparation process of the corrugated cement specimens including 152 mixing with water, casting, sealing, and placing in the plastic tubes was finished within 20 153 minutes, and thereafter the deformation of the cement specimens could be recorded immediately. 154
The autogenous deformation was initialized at the initial setting time. For each mix, three 155 corrugated cement specimens were prepared and measured. The mean deformation value of the 156 three specimens was used, and the corresponding coefficients of variation for the deformation 157 ranged from 2.5% to 9.3%. could also contribute to the heat release. The hydration of slag is more rapid than that of FA [37] . 218
Nevertheless, compared to the PC hydration, the hydration of slag was still slower and had a 219 much longer induction period. It is interesting that a second heat release peak occurring around 220 24h was observed for the blends of EPCII-S40F20, which may correspond to the formation of developed strengths very quickly, the flexural and compressive strengths at 3d reached 6.8 MPa 275 and 37.8 MPa, and at 90d they were 8.7 MPa and 62.1 MPa respectively. For EPCI and EPCII 276 mortars, addition of MEA induced slight reductions in the flexural strengths but more decreases in 277 compressive strengths. At late age of 90d, the compressive strengths of EPCI and EPCII mortars 278 were decreased by 8.5 MPa and 12.2 MPa respectively in comparison to that of PC mortars. The 279 reduction of late compressive strength when using MEA could be due to the less formation of 280 C-S-H due to the reduction of PC in the blends which is replaced by MEA. The incorporation of 281 slag and fly ash decreased the strengths at the early age. At 3d, the strengths of the mortar 282 specimens made with the blended cements were lower than that made with PC. The more volume 283 of slag and fly ash added, the lower the flexural and compressive strengths were gained. However, 284 at 28d, the strengths of blended cement mortars increased significantly, being close to or even 285 higher than that of the PC mortars. At 90d, all the blended cement mortars made with EPCII had 286 higher strengths than the EPCII mortars. With the increasing curing age from 3d to 90d, the 287 blended cement mortars exhibited more increase in both the flexural and compressive strengths 288 than that of the corresponding PC mortars. For example, when the curing age increased from 3d 289 to 90d, approximately 57%, 271%, 313%, and 257% increases in compressive strength were 290 produced by mortars EPCII-S20F20, EPCII-S20F35, EPCII-S40F20 and EPCII-S40F35 291 respectively, which were much higher than the increase of 47% produced in the EPCII mortars. (EPCII-S20F20, EPCII-S40F20, EPCII-S40F35) had more pores with size less than 0.02m. At 304 90d, the pore volume decreased and there were less pores at the size range of 0.02-0.2m. As 305 shown in Fig. 6b , compared to the PC mortars, the blended cement mortars exhibited smaller total 306 porosities at 28d. EPCII-S40F20 has the smallest porosity of 8.7% at 28d and it decreased further 307 to 6.0% at age of 90d. This is due to that the hydraulic or pozzolanic reaction of slag and fly ash 308 caused a densification of the cement paste at later ages. 309 310 311 Fig. 7 shows typical SEM and BSE images of the hydrated blended cement paste EPCII-S40F20. 312
As shown in Fig. 7(a) , some hydration products were formed on the surface of fly ash particle and 313 in the region nearby, which tightly bound together the fly ash particle with the surrounding 314 hydration products matrix. The dense interface structure is beneficial for the increase of strength. 315 16 In Fig. 7(b) , hydration rims were formed around the slag particle, and the hydraulic or pozzolanic 316 reaction products grown gradually from the outer area of slag into the inner part of unhydrated 317 slag. As seen the BSE image of Fig. 7(c) , it shows some hydration rims of slag in the blended 318 cement pastes. The interface structures of slag and fly ash particles were dense and therefore 319 contributed to the strength augment. The contributions of the hydraulic or pozzolanic reaction of 320 slag and fly ash may not only due to the densification on the pore structure but also closely related 321 to the interface structure enhancement. EPII-S40F20 after 90d curing in water. Fig. 8(a) shows the BSE image of blended cement mortar 326 at magnification of x300. Lots of slag with coarse particles remained unhydrated. As shown in Note: PC, EPCI, and EPCII represent the Portland cements incorporated with 0%, 5% and 8% of 568
MgO-based expansive additives respectively. 569
